SrPt 2 As 2 single crystals with CaBe 2 Ge 2 -type structure were synthesized by self-melting technique. X-ray diffraction, transmission electron microscopy, electrical resistivity, magnetic susceptibility, specific heat and optical spectroscopy measurements were conducted to elucidate the properties of SrPt 2 As 2 . SrPt 2 As 2 single crystals undergo a structural phase transition well above the room temperature (about 450 K) and become superconducting at 5.18 K. The superconducting and structural phase transition temperatures are reduced by 6% Iridium doping. Both the pure SrPt 2 As 2 and the Ir-doped single crystals are demonstrated to be highly metallic with rather high plasma frequencies. In particular, the optical spectroscopy measurement revealed two gap-like suppression structures: a stronger one at high energy near 12000 cm −1 (∼1.5 eV), and a less prominent one at lower energy near 3200 cm −1 (∼0.4 eV) for the pure compound. We elaborate that the former is related to the correlation effect, while the latter could be attributed to the partial energy gap formation associated with structural phase transition.
I. INTRODUCTION
The discovery of high-temperature superconductivity in iron-pnictide compounds has generated tremendous interest in the condensed matter community. 1 Following the initial discovery in LaOFeAs, a number of different structure types of iron-based superconducting compounds that shared similar properties were quickly discovered. Among the different systems, the ThCr 2 Si 2 -type 122 pnictide compounds have attracted much attention [2] [3] [4] due to their wide range of dopings either by holes or electrons, as well as the easy growth of single crystals with sufficient sizes for various experiments. The peculiar properties of iron-pnictides come from the edgesharing Fe 2 As 2 tetrahedral layers where Fe ion locates in the center of each As tetrahedron (FeAs 4 ). Those tetrahedral layers are separated by alkaline-earth elements Ca, Sr, and Ba or Eu in those 122 structures. In addition, to gain further insight into the nature of the materials, many efforts were also made to explore other 3d, 4d or 5d transitional metal based 122 compounds.
The 5d-transition metal Pt-pnictide SrPt 2 As 2 appears to be a very interesting material. It shows superconductivity at 5.2 K. 5 Different from other 122 superconducting compounds, SrPt 2 As 2 does not crystallize in a ThCr 2 Si 2 structure but adopt a tetragonal CaBe 2 Ge 2 -type structure. The major difference between ThCr 2 Si 2 and CaBe 2 Ge 2 -type structures is that the former contains two separate Fe 2 As 2 tetrahedral layers with Fe ion locating in the center of each As tetrahedron (FeAs 4 ), while the latter contains only one Pt 2 As 2 layer with Pt ion locating in the center of each As tetrahedron (PtAs 4 ) in an unit cell. Another Pt 2 As 2 tetrahedral layer is replaced by the As 2 Pt 2 tetrahedral layer with As ion locating in the center of each Pt tetrahedron (AsPt 4 ) (see the structure in the inset of Fig. 1 ). Looking along the c-axis, the AM 2 As 2 with ThCr 2 Si 2 -type structure contains stacking of a sequence of atomic sheets of [As-M 2 -As]-A-[As-M 2 -As]..., while the SrPt 2 As 2 with CaBe 2 Ge 2 -type structure contains stacking of a sequence of atomic sheets of [As-Pt 2 -As]-Sr-[Pt-As 2 -Pt].... Another significant feature for the SrPt 2 As 2 is that the compound experiences a structural phase transition at about 470 K. 6 Below this temperature, a superstructure with a modulation vector q=0.62a* is formed. Notably, the modulation appears in the layers of the PtAs 4 tetrahedra, the other atoms are only slightly affected by the modulation. 6 The structural phase transition was identified as a charge-density-wave (CDW) instability in earlier work. As a result, SrPt 2 As 2 was argued to exhibit a coexistence of superconductivity and CDW instability. 5 It would be very interesting to explore the electronic properties of SrPt 2 As 2 . Up to now there have been only a few experimental studies on this compound. All of them were performed on polycrystalline samples. In this work, we report on single crystal growth of pure and 6% Iridium-doped SrPt 2 As 2 compounds and investigation of their physical properties by different experimental probes. We find that the structural phase transition leads to a removal of about 17% spectral weight at low frequency in optical conductivity spectra, suggesting a reconstruction of the Fermi surfaces.
II. CRYSTAL GROWTH AND CHARACTERIZATIONS
Single crystals of SrPt 2 As 2 were synthesized by selfmelting technique. Sr (99.99%) pieces, sponge Pt (99.99%) grains and As (99.99%) grains were used as starting materials. PtAs precursor was first fabricated by heating Pt grains and As powder at 700
• C sealed in a quartz tube. The fabricated PtAs was grounded, mixed with Sr pieces in an atomic ratio of 2:1, and placed in an alumina crucible which was sealed in an tantalum tube under Ar gas at the pressure of 1 bar. The mixture was heated at 900
• C and then at 1330
• C for 15 hours respectively, and then slowly cooled to 1030
• C at a rate of 3
• C/h. We also tried to prepare SrPt 2 As 2 polyctystalline first and melt it at 1330
• C. Both methods can yield big shiny platelike single crystals. It is worth to mention that the resultant single crystals are quite three dimensional (3D) and hard to be cleaved. The observations are quite different from iron pnictide compounds crystallized in ThCr 2 Si 2 structure, which are plate-like and very easy to cleave from the melts. Those seem to indicate that the Pt-As bonding strength between neighboring As 2 Pt 2 and Pt 2 As 2 tetrahedral layers may be comparable to the Pt-As bonding strength within As 2 Pt 2 or Pt 2 As 2 tetrahedral layers, a result being consistent with the first principle calculations by Shein et al.. 7 We also grew single crystals of Ir-doped SrPt 2 As 2 by the same method. The obtained samples have similar characteristics as SrPt 2 As 2 . Figure 1 (a) shows the X-ray diffraction (XRD) patterns of SrPt 2 As 2 and Sr(Pt 0.94 Ir 0.06 ) 2 As 2 single crystals at 300 K. The (00l) (l=integer) diffraction peaks indicate a good c-axis orientation. Thus the largest face of the single crystals is the ab-plane. The lattice parameters c 1 =9.834Å and c 2 =9.824Å are obtained from the single crystal XRD data of SrPt 2 As 2 and Sr(Pt 0.94 Ir 0.06 ) 2 As 2 respectively. The slight reduction in caxis lattice parameter comes possibly from the slight smaller ionic radius of element Iridium. We also ground the crystal and performed power XRD measurement. Figure (b) shows the XRD pattern of SrPt 2 As 2 at 300 K. Since 300 K is already below the structural phase transition, the superstructural modulation would lead to a structural distortion from the hightemperature tetragonal phase with the CaBe 2 Ge 2 -type structure to a phase with the average structure of the orthorhombic space group Pmmn. 5, 6 The powder XRD pattern of Fig. 1 could be indexed by such averaged structure with lattice parameters a=4.47Å, b=4.50Å and c=9.82Å, being consistent with the previous report. 5 The minor extra peaks labeled by asterisks were from the contamination of impurity phases As and PtAs 2 . The structural characterizations reveal good quality of the obtained single crystals.
The electron diffraction patterns were taken on a FEI Tecnai-F20 (200 kV) transmission electron microscope (TEM). The TEM samples were prepared by crushing the single crystals, and then the resultant suspensions were dispersed on a holey copper grid coated with a thin carbon film. (d)), respectively. The most striking structural phenomenon in this pattern is the appearance of a series of satellite spots aligned with the main diffraction spots, as clearly illustrated in Fig. (a) and (c). These satellite spots in general can be characterized by the modulation wave vector q≈0.62a* for SrPt 2 As 2 , as reported by Imre et. al., 6 . A slight reduction of the modulation wave vector (roughly q≈0.60a*) is observed for Sr(Pt 0.94 Ir 0.06 ) 2 As 2 . The satellite spots were not visible when measurements were performed at 470 K and 400 K on the two samples, respectively.
Resistivity measurements were performed in both Quantum Design physical properties measurement system (PPMS) (below 350 K) and a home-made transport measurement system (up to 500 K) by a standard dc four-probe method. . Inset shows the low temperature resistivity ρ under magnetic field up to 4T for SrPt 2 As 2 ; (c) the low temperature magnetization and specific heat data for SrPt 2 As 2 . ure 3 presents the temperature dependence of resistivity for SrPt 2 As 2 and Sr(Pt 0.94 Ir 0.06 ) 2 As 2 . The two samples show sharp superconducting transitions at 5.18K and 4.73K (90% of the normal state resistivity), respectively. At high temperatures, a small resistivity jump near 450 K is seen for pure SrPt 2 As 2 crystal with almost no hysteresis upon warming and cooling processes, while only a slope change could be seen near 375 K for Sr(Pt 0.94 Ir 0.06 ) 2 As 2 sample. The high temperature anomalies are of the characteristic of the first order phase transition.
The insets of Fig. 3 (b) shows the temperature-dependent resistivity curves in magnetic fields up to 4 T with H//c and H⊥c, respectively. The superconducting transition shifts toward lower temperature with an increase of the magnetic field, indicating a field-induced pair breaking effect. Taking the criterion of 90% of ρ n , the upper critical field H c2 (T ) can be obtained as displayed in the middle panel of Fig. 3 . According to the Werthaner-Helfand-Hohenberg (WHH) formula, 8 the zero-temperature upper critical field H c2 (0) can be estimated by
Taking 12 Therefore SrPt 2 As 2 may be the conventional superconductor in accord with the estimated result of the average electron-phonon coupling constant. 7 We also determine H c2 (T ) using the formula based on the Ginzburg-Landau(GL) equation, The superconducting transition could also be seen clearly in the magnetization and specific heat measurements, yielding evidence for bulk superconductivity, as presented in Fig. 3(c) . The magnetic susceptibility was measured in a Quantum Design superconducting quantum interference device vibratingsample magnetometer system (SQUID-VSM). At the temperature where resistivity drops to zero, the magnetic susceptibility displays a sharp superconducting transition. The specificheat coefficient C/T vs T 2 relation for SrPt 2 As 2 is shown in the inset of Fig. 3(c) . In agreement with the measurement on polycrystalline sample, 5 the superconductivity is completely suppressed by a magnetic field of 4 T. From the linear fit of C = γT + βT 3 relation at low temperature, we get the electronic specific heat coefficient γ = 9.63(8) mJK −2 mol −1 and β = 1.48(3) mJK −4 mol −1 . The extracted Debye temperature is Θ = 187K.
We also measured the anisotropic resistivity between abplane and the c-axis by a generalized Montgomery method, 13 as presented in Fig. 4 . The contact configuration is shown in the inset. Instead of the point contact in the original Montgomery method, we extended the contacts along the edges of the sample to minimize the distortion effect of finite contact size along the c axis .
14 The resistances, R 1 = V 1,3 /I 2,4 and R 2 = V 1,2 /I 3,4 , with the current nominally parallel and normal to the ab plane, respectively, were measured by the four leads method. The resistivity components, ρ ab (T) and ρ c (T), were then calculated from the ratio of R 2 /R 1 in the thin sample limit of the Montgomery technique. The obtained ρ ab , ρ c and ρ c /ρ ab are shown in the main panel and its inset, respectively. The anisotropic ratio ρ c /ρ ab is about 4.8 at 300 K. There is only a weak temperature dependence for the anisotropic resistivity. The anisotropic ratio is reduced to 3.8 at the lowest measurement temperature, implying a slight enhancement of 
III. OPTICAL CONDUCTIVITY
The ab-plane optical reflectance measurements were conducted on Bruker 113v and Vertex 80v spectrometers in the frequency range from 40 to 40000 cm −1 . An in situ gold and aluminum over-coating technique was used to get the reflectivity R(ω). The real part of conductivity σ 1 (ω) was obtained by the Kramers-Kronig transformation of R(ω). The HagenRubens relation was used for low frequency extrapolation; at high frequency side a ω −1 relation was used up to 300000 cm −1 , above which ω −4 was applied. Figure 5 illustrates the reflectance curves below 20000 cm −1 for several temperatures from 10 to 500 K, while the inset displays the enlarged spectral behavior up to 5000 cm −1 . Being consistent with the dc resistivity data, the optical reflectance shows good metallic response in both frequency and temperature dependence. The overall values of R(ω) are much higher than that of iron-pnictides, e.g. the prototype AFe 2 As 2 (A=Ba, Sr), 15 and are also higher than that of BaNi 2 As 2 . 16 Furthermore, the reflectance minimum (or overdamped edge) extends to much higher frequency. Those characteristics indicate a rather high plasma frequency. An estimation will be made below.
The most interesting observation in the R(ω) is the manifestation of the two reverse S-like suppression features at the reduced temperatures. A stronger suppression structure appears at high energy near 12000 cm −1 (∼1.5 eV), and a less prominent suppression appears at lower energy scale near 3200 cm −1 (∼0.4 eV) for SrPt 2 As 2 . For Ir doped compound Sr(Pt 0.94 Ir 0.06 ) 2 As 2 , the latter feature shifts to lower frequency.
Understanding the two features is of crucial importance for understanding the evolution of the electronic structure across the transition.
The two suppression features also manifest in the optical conductivity spectrum σ 1 (ω), as presented in Fig. 6 (a) and (b). The Drude-like conductivity can be observed for all spectra at low frequencies. Corresponding to the high energy suppression structure of R(ω), the conductivity spectra display a broad peak near 12000 cm −1 . The suppressed spectral weight below this energy is transferred to higher energy scales. By lowering the temperature, a weak bump related to the low frequency suppression of the reflectance could be also seen in σ 1 (ω). In order to have a better view about the evolution of the optical conductivity, we plot the integrated spectral weight distribution in Fig. (c) and (d) in a semilog scale. The insets present the normalized spectral weight SW(T)/SW(500K). Due to the metallic response the spectral weight gradually increases with decreasing the temperature in very low frequency range. However, a pronounced drop appears in the spectral weight curves near 2000 cm −1 followed by a shoulder-like feature, as indicated by the red arrow. The more prominent structure of the high energy suppression in σ 1 (ω) at high energy scale leads to a dip feature in normalized spectral weight as indicated by the blue arrow.
It is well known that the interband transitions contribute dominantly to the conductivity spectrum at high energies and usually lead peaks in σ 1 (ω). However, one would not expect to see a prominent temperature dependence for an interband transition. So the temperature dependent spectral weight transfer near 1.5 eV must have a different origin. In general, the temperature-induced reverse S-like suppression in R(ω) and corresponding peak-like feature in σ 1 (ω) would represent the formation of an energy gap (or pseudogap). Nevertheless, the energy scale of the high energy gap feature near 1.5 eV is too high to be connected to the structural phase transition at 450 K or 375 K for the two compounds. A careful inspection of the σ 1 (ω) spectra indicates that the characteristic peak-like lineshape is already present at 500 K. It deserves to remark that similar spectral suppression features are also present in many other correlated electronic systems, for example, the Fepnictide compounds though the corresponding energy scale is much lower, roughly at 0.6 eV. 17, 18 In general, we could attribute the temperature-dependent high energy feature to the correlation effect, i.e., the quasi-particles contain not only the coherent spectral weight at low energy but also the incoherent part at high energies arising from the strong Coulomb interactions. [19] [20] [21] For Fe-pnictides, because of the relatively narrow 3d electron bands, the Hund's coupling effect between different orbitals plays a major role. 17, 18 For SrPt 2 As 2 compound, the 5d orbitals are spatially much extended than 3d or 4d compounds, the Hund's rule coupling interaction is relatively weak, we speculate that the peak feature at 1.5 eV is mainly caused by the on-site Coulomb repulsion (Hubbard U) effect. 19, 20 On the other hand, the spectral weight suppression feature at lower energy scale near 3200 cm −1 is likely to be caused by the removal of a small part of Fermi surface below the structural transition. It is noted that, unlike other compounds showing first order structural phase transitions, e.g. BaNi 2 As 2 16 or IrTe 2 22 , where the optical conductivity spectra show sudden and dramatic changes over broad frequency across the phase transitions due to the reconstruction of the band structures, the spectral suppression feature in the present case is rather weak and evolves continuously with temperature, being more similar to some CDW materials such as 2H-TaS 2 and 2H-NbSe 2 . [23] [24] [25] To quantify the spectral change, particularly the evolution of the Drude component, across the phase transition, we tried to decompose the optical conductivity spectral into different components using a Drude-Lorentz analysis. The dielectric function has the form
where ǫ ∞ is the real part of dielectric constant at high energy, ω p,i and 1/τ i are the plasma frequency and scattering rate of the itinerant carriers in the ith band respectively, and ω j , Ω j and 1/τ j are the resonance, strength and width of the jth Lorentz oscillator. The Drude components represent the contribution from conduction electrons, while the Lorentz components describe the interband transitions. We found that the optical conductivity spectrum at 500 K below 15000 cm −1 could be reasonably reproduced by two Drude and one Lorentz components. However, at low temperatures, an additional Lorentz component centered at 3200 cm −1 should be better added. Fig. 6 (e) and (f) shows the conductivity spectra at 10 K and 500 K together with the Drude-Lorentz fitting components for SrPt 2 As 2 . The parameters of Drude components at different temperatures are listed in Table I . We find that the two Drude components show ordinary narrowing with decreasing temperature due to the metallic response, while the gapping of the Fermi surfaces mainly appears in the broad Drude component. We can use the formula ω p = ω p1 2 + ω p2 2 to estimate the overall plasma frequency, then we get ω P ≈ 51400 cm −1 at 500 K, and 46650 cm −1 at 10 K, respectively. Those values are much higher than that of Fe-pnictide superconductors. The reduction of the overall plasma frequency could be attributed to the gapping of the Fermi surface. Roughly, we can use (ω 2 P (500K)−ω 2 P (10K))/ω 2 P (500K) ≈17% to estimate the missing carrier density. The missing spectral weight is mainly transferred to the Lorentz part centered at 3200 cm −1 . It is worth to mention that our decomposition of conductivity spectrum into two Drude components may lead to an overestimate of the spectral weights (particularly the broad one) or the plasma frequencies, but this effect is minor. Even if we try a single Drude component to reproduce the low-frequency spectral weight, we still obtain a plasma frequency close to 50000 cm −1 at 500 K. Nevertheless, the one Drude component could not well reproduce the conductivity spectra, in particular those at low temperatures. Another source of uncertainty in the estimation of the plasma frequency is from the KramersKronig transformation of the reflectance spectra. Different high frequency extrapolations could affect the spectral weight even at low frequencies, thus resulting in somewhat different values of the plasma frequencies. At present, it is not clear whether the compounds have nested Fermi surfaces; and if nesting exists, whether the nesting wave vector matches with the structural modulation wave vector. In other words, whether or not the nesting instability is strong enough to drive the structural distortion. Further theoretical and experimental studies on this system are needed.
IV. CONCLUSIONS
We have successfully grown single crystals of SrPt 2 As 2 using a self-melting technique and conducted careful characterizations by X-ray diffraction, transmission electron microscopy, electrical resistivity, magnetic susceptibility and specific heat measurements. SrPt 2 As 2 single crystals are manifested to possess a bulk superconductivity and carry a superstructure with a modulation vector q=0.62a* below 5.18K and 450K, respectively. The optical spectroscopy study on the pure and Ir-doped SrPt 2 As 2 revealed two gap-like suppression structures. The one at higher energy scale is attributed to the correlation effect, while the other one at lower energy scale is suggested to be the partial energy gap formation associated with structural phase transition. It is estimated that roughly 17% carrier density was removed accompanying with the energy gap formation.
